Femtosecond (fs) lasers are perfect laser sources for material processing when highest accuracy and smallest structure sizes are required. Due to the ultrashort interaction time and the high peak power the process is generally characterized by the absence of heat diffusion and, consequently, molten layers. Moreover, the process is nearly independent of the material and recent results demonstrate the possibility to ablate material with sub-μm accuracy or even nm dimension while maintaining an outstanding reproducibility. Also, certain technically important materials like metals with high heat conductivity, semiconductors, and dielectrics with high transparency in the visible and uv can be processed by fs laser pulses which have been unable to machine so far with conventional laser radiation. In contrast to longer laser pulses, the absorption and ablation process can be described in a more simple way resulting in a higher reproducibility and controlability of the process. Besides the microelectronics industry there are numerous potential applications in the field of automotive supplier industry, medicine technology and finally telecommunication.
Introduction
Femtosecond lasers provide the unique property to machine nearly any kind of material with highest precision in the _m-and even nm-range. 1) The absorption of fs-laser pulses in metals is dominated by Inverse Bremsstrahlung. For dielectrics and semiconductors free electrons are generated by an initial multiphoton ionization. 2, 3) Due to the high intensities enough photons are available to commence the nonlinear process. Afterwards, the main absorption process is based on an avalanche breakdown and, when there is an increasing number of electrons available, the absorption by Inverse Bremsstrahlung again starts to dominate. Hence, all materials can absorb intense fs-laser pulses and can be ablated with nearly the same behavior. [4] [5] [6] Following to the absorption a fast energy relaxation within the electron system and a transfer of heat energy to the lattice by electron-phonon coupling takes place. For a pulse duration in the ns-range an equilibrium temperature state between the free electrons and the lattice can be reached during the pulse. For shorter pulses the temperature development can be separated resulting in a the two-temperature-model, i.e. the description of the temperature development in the lattice and in the electron systems. 7, 8) Equations 1 and 2 describe the development of the electron temperatures Te and and the ions T i , respectively. Due to the relatively low heat capacity C e the electron system is heated strongly when a thermal source S is applied, e.g. a laser pulse. Within equation 1 the variable Q represents the heat flux in zdirection. The maximum electron temperature is reached towards the end of the pulse. At this point of time, the difference of the temperature between the electrons and the ions has reached its maximum value. The lattice temperature is still relatively cold as the absorbed energy still has to be transferred from the electrons to the lattice. The electron (lattice coupling is described by the constant γ. Additionally, the heat capacity of the lattice system C i is much higher. For most metals, the maximum temperature of the lattice is reached after several tens of ps. At that point of time, the electron temperature is dropped to the value of the lattice identifying an equilibrium state. By introducing the optical penetration depth δ and the heat penetration length d a solution of the model can be found in equation 3 (D represents the diffusion constant and τ a the pulse absorption time). This solution generally leads to two different ablation regimes dependent on the absorbed laser fluence F abs . The gentle ablation regime for small fluences can be characterized by the optical penetration depth δ and the strong ablation regime for higher fluences can be characterized by the heat penetration depth d. The presence of the gentle ablation regime is unique for femtosecond pulses and results in the highest processing quality as nearly no heat diffusion takes place. 9) The reason that for small fluences the thermal penetration is below the optical penetration can be described by the unusual heat transport caused by the extreme non-equilibrium. Therefore, the processing result is nearly free of molten layers and burr. 10) The strong ablation regime is characterized by a significantly higher penetration depth and a higher threshold fluence. The presence of this regime, however, is not caused by a higher optical pen-3 ( ) etration depth or a higher absorption during the laser pulse. It rather represents the diffusion length of the electrons.
Finally, the plasma shielding can be neglected as the absorption length in the plasma is generally in the nm-range for fslaser pulses. Therefore, the ablation rates are quite high, e.g. in the strong ablation regime ablation rates > 50 μm/pulse for copper can be achieved with a fluence of 3.6 kJ/cm 2 .
Processing of metals
The extremely fast energy deposition with high local accuracy provides the ability to process metals with remarkable accuracy. [11] [12] [13] One of the most challenging problems in laser drilling is the reproducibility which is mostly limited by the molten layer resulting in the formation of burr when leaving the ablation zone. When using femtosecond laser pulses for drilling of metals the entry and exit side of the hole are characterized by sharp edges and the absence of redeposited and recristalized material. 14) Aspect ratios up to 15 have been realized wile using laser trepaning. Fig. 3 demonstrates the drilling quality achieved by trepaning of stainless steel with a thickness of 500 μm. As the polarization vector also strongly influences the absorption which usually results in non-circular holes, the polarization has been turned in order to average this effect over the whole circle. By adjusting the parameters and the drilling strategy, it is also possible to machine both cylindrical holes and conical holes. The cone factor can be positive and negative and even holes with the smallest diameter in the center of the workpiece height can be produced with a high reproducibility.
Based on these results numerous applications can be addressed, e.g. drilling of injection nozzles for automotive industry, drilling of spray and inkjet nozzles, precise trimming of microsystems.
Applications for metallic periodic microstructures can be found in the generation of highly homogeneous electric fields used for electron acceleration in streak camera tubes (Fig. 4) . In order to be as electron transparent as possible, the grids have to provide minimal strut widths achievable. Further-more, any deformation due to mechanical or thermal stress would result in inhomogeneties of the generated electrical field, resulting in detection errors of the whole streak camera.
These grids are conventionally manufactured by lithographic methods, having the drawback of being very inflexible to changes of the grid design. Using femtosecond laser pulses, these grids can be machined very flexible, as all development steps can be dismissed. Also, transmission rates up to 60 % have been achieved so far by using fs laser pulses. Further advantage can be seen in the possible generation of flank angles, which is an important factor for the manufacturing of dynode structures, as the electron generation is dependent on the active area as well as the angle of incidence. Generation of such structures is hardly achievable using lithographic methods, while other techniques like EDM are limited to structures up to 10 times bigger than machined with fs-lasers. Femtosecond machining combines advantages both methods: three-dimensional machining and small structures of several microns.
Also amorphous metals, which are composed by an alloy of iron, cobalt, nickel, boron and silicon, can be machined with minimizing the heat input into the bulk material (Fig. 5) . In case of a strong temperature rise a crystalization would take place and the outstanding properties of these materials would be lost. Amorphous metals combine the specific advantages of metals and glasses as they provide a higher strength and hardness compared to other metals, they have a high corrosive resistance and a low magnetic loss. These properties allow to realize transformers with minimum losses or sensors, video heads, computer parts and shielding parts for sensitive devices.
Processing of semiconductors
During cutting of silicon by using fs-laser pulses the polarization was found to have a significant influence. 15, 16) Figure 6 shows two cuts machined with identical process parameters but different polarization states. While the front side obviously shows no perceptible difference, the rear side shows significant deviations from the original shape, in case of a polarization that is parallel to the cut.
In contrast to conventional laser cutting (e.g. sheet metal cutting using CO 2 lasers) the silicon sample was cut through by removing layer by layer. This technique better distributes the remaining energy in the bulk material, and melting is minimized. This method is convenient if the wafer can be cut from the rear side to avoid debris on the front. Figure 7 illustrates the development of a partition viewed from the rear side. The partition is first perforated and then widens up after it comes through totally.
The flank angle changes in a range from about 75 ˚ to 89.5 ˚. A polarization parallel to the cutting motion leads to a complete and continuous partition which is thinner than when carried out using a vertical polarization.
The differences are caused by reflection at the flank walls of the partition. The reflection of polarized laser radiation under an angle of incidence different from 0 ˚ is dependent on the polarization vector. The reflection can be described by using the Fresnel's equation. For a detailed description, the polarization vector is divided into vertical and parallel polarization with regard to the plane of incidence which is defined by the normal vector on the reflecting surface and the incoming laser beam.
Mask projection is principally not well suited for deep-cutting of silicon, as the achievable ablation rates are low due to small fluences and the extremely rough surfaces generated. Furthermore, the beam guiding and forming is limited by diffraction. In addition, the required vacuum makes this technique slow and expensive. However, mask projection may be useful when diffraction is used to generate fluence peaks for sub-μ structuring.
So far, the best results for cutting of silicon were achieved using focusing methods. Since the mechanical stress or heat induced into the bulk material is only negligible, this method is very well suited for cutting thin wafers. In contrast to conventional dicing methods, non-linear narrow cuts can be performed using a tool that is almost free of wear. Generally, cutting can be used to drill holes by trepanning method. The holes show very smooth inner walls and an exceptionally high quality on the rear side of the sharp edge. Their roundness is very typical for this drilling method (Fig. 8) .
Especially the ability to cut any random non-linear shape is convenient, compared to conventional abrasive cutting methods which are limited to straight linear cuts. Besides, those methods cannot be used for thin wafers because of too high mechanical forces. Elements can be adapted to their function, or the shape can be changed to minimize the components' size, or increase the packing density. Elements can be cut out, drilled, and marked using one machine. Due to low feed rates, this technique has only been cost-effective for thin silicon wafers, so far. 
Processing of dielectrics
As described before in principle, femtosecond laser pulses offer the possibility for generating microstructures independent of the machined material. This also includes the ablation of dielectrics. 17) E.g. periodic structures with dimensions on a micrometer scale are used for many photonic applications. Conventional ways of producing μm-scaled periodic patterns show the drawback of being limited by specific material properties, e.g. hardness, brittleness, etc., which reduce the variety of machinable materials. Some of these materials, e.g. fused silica, sapphire have bandgaps in the range of 8-10 eV, which is much higher than the photon energy provided by commercial laser systems.
Fused silica is frequently used in optics as windows or lenses, as it offers high transmission from visible down to the ultraviolet range and good resistance to chemical attack. Due to the transmission within the UV range, fused silica is hardly to ablate using conventional excimer lasers, whereas good results have been achieved using 157 nm. Unfortunately, vacuum conditions are required for machining using this wavelength, due to the absorption of the radiation within the atmosphere. Using intense fs laser pulses even transparent materials can be processed with good results at atmospheric conditions. As described before, nonlinear multiphoton processing allows to overcome the Fig. 8 Examples for cutting silicon. Fig. 7 Development of the kerf during cutting of Si using fs-laser pulses. Fig. 9 Cone structure machined in fused silica with fs-laser pulses at 780 nm using a direct writing process on air (a). Ridge structure in fused silica, machined by fs-laser pulses at 780 nm using a direct writing process on air (b).
bandgap also in case the photon energy is much lower. As soon as first initial free electrons are generated, avalanche ionization leads to a strong absorption of the incident laser beam. The results of machining dielectrics therefore, are comparable to metals and semiconductors. As an application, the structuring of cathode optics is presented (Fig. 9) . The cathode material is fused silica, which has been structured to improve the efficiency of electron generation. Due to the dimensions of the cathode optic, an area of about 113 mm 2 had to be structured. Although cathode efficiency can be improved by many means, e.g. choice of other material or different coatings, we will only present results of surface structuring.
Conclusion
The paper describes the general ability of using femtosecond laser pulses for different micromachining applications. Nearly all materials can be ablated with highest precision. Metals and semiconductor materials can be machined with an outstanding quality, i.e. high accuracy, reproducibility and minimal influence of the bulk material (Fig. 10) . Non-linear absorption phenomena result also in a strong absorption of materials which are usually transparent for the wavelength spectrum of other laser sources.
It has been demonstrated that ablation with laser pulses in the sub-picosecond time scale leads to very efficient processes, which significantly decreases the operating times. Because of new improvements of ultrafast laser sources (fiber technique and diode-pumped systems) which have lead to ruggedized and reliable systems, this novel technology is ready to get involved in the industrial environment. 
